Further chemical examination of a coral-associated fungus Aspergillus versicolor LZD-14-1 by the PHLC-DAD detection resulted in the isolation of six new polycyclic alkaloids, namely versiquinazolines L-Q (1-6). Their structures were determined by extensive analyses of spectroscopic data, including quantum ECD calculation and X-ray single crystal diffraction for the assignment of absolute configurations. Versiquinazoline L bearing a D-Ala residue and versiquinazoline M containing an L-serine residue are rarely found in the fumiquinazoline-type alkaloids, while versiquinazoline P displayed an unusual scaffold with a spiro-g-lactone. Versiquinazolines P and Q exhibited significant inhibition against thioredoxin reductase (TrxR) with IC 50 values of 13.6 AE 0.6 and 12.2 AE 0.7 mM, which showed higher activity than the positive control curcumin (IC 50 ¼ 25 mM). The weak cytotoxicity and potent inhibition toward TrxR suggested that versiquinazolines P and Q are potential for microenvironmental regulation of tumor progression and metastasis.
Introduction
Fungal fumiquinazoline-type alkaloids are a group of structurally unique natural products with a diverse array of scaffolds that are widely distributed in fungi from terrestrial and marine origins.
1-9
These typical compounds are nonribosomally assembled by a pyrazino [2,1-b] quinazoline-3,6-dione nucleus which incorporated various amino acids such as tryptophan and histidine to derive diverse scaffolds. [10] [11] [12] Marine fungi are recognized to be a rich source to produce fumiquinazoline relevant structural diversity, while the marine hosts inhabited by the fungi that are able to produce the fumiquinazoline-type alkaloids covered a wide range of organisms, including sh, sponges, and corals, as well as marine mangrove plants. Since fumiquinazolines A-G were isolated from marine sh associated Aspergillus fumigatus in early 1990, a certain numbers of analogues including fumiquinazolines H-T were separated from diverse endophytic fungi, including Acremonium sp. in tunicate, A. fumigatus in so coral, Scopulariopsis sp. in gorgonian, Aspergillus sp. in sponge and marine-submerged wood. Some fumiquinazoline derivatives displayed the cytotoxicity against human tumor cell lines, antibacterial and insecticidal effects as well as the interaction with protein targets such as breast cancer resistance protein inhibition. In previous work, we found that a coral-associated fungus A. versicolor LZD-14-1 is the source to produce fumiquinazoline-type alkaloids, while eleven new alkaloids namely versiquinazolines A-K were isolated. 13 In present work, a HPLC-MS guided examination further isolated six minor fumiquinazoline-type alkaloids, namely versiquinazolines L-Q (1-6) ( Fig. 1) . Herein, we report the structural elucidation of the new alkaloids and their inhibition against thioredoxin reductase (TrxR).
Experimental section

General procedure
Specic rotations were measured by an Autopol III automatic polarimeter (Rudolph Research Co., Ltd.). IR spectra were recorded on a Thermo Nicolet Nexus 470 FT-IR spectrometer. UV spectra were measured on a Cary 300 spectrometer. ECD spectra were measured on a JASCO J-810/J-815 spectropolarimeter. The 1 H and 13 C NMR spectra were recorded on a Bruker Avance-400FT NMR spectrometer. HRESIMS spectra were obtained on a Waters Xevo G2 Q-TOF spectrometer tted with an ESI source. HF 254 silica gel for TLC was obtained from Qingdao Marine Chemistry Co. Ltd. Sephadex LH-20 was purchased from Pharmacia. Semi-preparative HPLC was performed on an Alltech 426 pump using UV detector, and the Prevail C 18 column (semipreparative, 5 mm) was used for separation.
Identication of fungal strain and fermentation
Fungus Aspergillus versicolor LZD-14-1 was isolated from the gorgonian Pseudopterogorgia sp. (LZD-14), which was collected from the South China Sea, in May 2015. The strain was identied by comparing the morphological characteristics and analysis of the ITS region of the rDNA sequence with those of standard records (GeneBank KX254916). The morphological examination was performed by scrutinizing the fungal culture, the mechanism of spore production, and the characteristics of the spores. For inducing sporulation, the fungal strains were separately inoculated onto potato dextrose agar. All experiments and observations were repeated at least twice leading to the identication of the strain LZD-14-1 as A. versicolor. The strain LZD-14-1 was deposited at the State Key Laboratory of Natural and Biomimetic Drugs, Peking University, China. The large scale fermentation was carried out in Fernbach asks (50 Â 500 mL), each containing 80 g of rice. Distilled articial seawater (NaCl 26.726 g, MgCl 2 2.26 g, MgSO 4 3.248 g, CaCl 2 1.153 g, NaHCO 3 0.198 g, KCl 0.721 g, NaBr 0.058 g, H 3 BO 3 0.058 g, Na 2 SiO 3 0.0024 g, Na 2 Si 4 O 9 0.0015 g, H 3 PO 4 0.002 g, Al 2 Cl 6 0.013 g, NH 3 0.002 g, LiNO 3 0.0013 g, H 2 O 1 L) (100 mL) was added to each ask, and the contents were soaked overnight before autoclaving at 15 psi for 30 min. Aer cooling to room temperature, each ask was inoculated with 5.0 mL of the spore inoculum and incubated at 25 C for 40 days.
Extraction and isolation
The fermented material was extracted successively with EtOAc (3 Â 500 mL). Aer evaporation under vacuum, the EtOAc extract (4.0 g) was subjected to a vacuum liquid chromatography (silica gel, 200-300 mesh) with PE/EtOAc (from 5 : 1 to 0 : 1, gradient) as an eluent to obtain four fractions (F1 to F4). 
Hydrogenolysis of 3
To the MeOH (0.5 mL) solution of 3 (1.0 mg), NaBH 4 (0.5 mg) was added to stir at rt for 5 min. The reacted mixture was subject to semi-preparative HPLC to afford a major product, which was identied to be 4 by the 1 H NMR data, HPLC retention time, and specic rotation.
X-ray crystallographic analysis
Crystal data for 1: 
Evaluation of the TrxR inhibitory activities
The TrxR inhibition assay was performed as described. 
Marfey's method
Compound 1 (0.5 mg) was placed in a 5 mL conical vial containing HCl (6 M, 1 mL), and the sealed vial was heated at 110 C for 20 h. Aer evaporation of the solvent, H 2 O (100 mL) was added. Then NaHCO 3 (1 M, 50 mL) and 1-uoro-2,4-dinitrophenyl-5-L-alanine amide (L-FDAA, 1%, 100 mL) in acetone were added to the hydrolysis solution, and the sealed vial was heated at 40 C for 2 h. Then HCl (2 M, 20 mL) was added to the reaction mixture to stop the reaction. Aer evaporation, the reaction products were dissolved in MeOH for HPLC analysis on a Thermo BDS Hypersil C 18 column (150 mm Â 4.6 mm, 5 mm). detection was performed at a wavelength of 340 nm. Compounds 2-4 were performed by the same protocol as 1.
Calculation of ECD data and 13 C NMR chemical shis
The ECD spectra were simulated by the overlapping Gaussian function (half the bandwidth at 1/e peak height, 0.16-0.3 eV). The simulated spectra of the two lowest energy conformers for each structure were averaged according to the Boltzmann distribution theory and their relative Gibbs free energy (DG). Theoretical ECD spectra of the corresponding enantiomers were obtained by directly inversing the ECD spectra of compounds. (Tables 1  and 2 ) featured a fumiquinazoline-type alkaloid, structurally related to the coexisted known compound cottoquinazoline B. The NOESY correlations (Fig. 3) Reported shis are based on a benzene reference (128.5 ppm) calculated at the same level of theory. To determine the accuracy of this computational model as applied to the analogues, 13 C NMR chemical shis were initially calculated for 1 and cottoquinazoline B, and were compared to the experimental data ( Table 3 ). The calculated chemical shis were in excellent agreement with those determined experimentally. For compound 1, the maximum absolute difference between predicted and observed shis was 2.5 ppm (C-27), while that for cottoquinazoline B was 3.5 ppm. These data further supported the relative conguration of 1. Finally, the Xray single-crystal diffraction using Flack parameter (0.07 (5)) assigned the absolute congurations of 1 to be 3S, 14S, 16S, 17R, and 26R (Fig. 4) . It is noted that the D-Ala residue assembled fumiquinazoline-type alkaloid is rarely found from nature. Versiquinazoline M (2) has a molecular formula of C 23 3.12) as the cases in 1 were observed in the NOESY spectrum. Additional NOE correlation between OH-16 and H-26 indicated the distinct conguration at C-26 of 2 in comparison with that of 1 (Fig. 3) , reecting the hydroxymethylene group to be oriented in the same face as H-17. Based on the exciton chirality method, 16 the positive Cotton effect (CE) at 234 nm (rst Cotton effect) and the negative CE at 206 (second Cotton effect) suggested a clockwise orientation of the chromophores of aromatic rings A and D, assuming 3S and 14S congurations. Therefore, the remaining stereogenic centers were determined to be 16S, 17R, and 26S congurations. The similar specic rotation and ECD data (Fig. 5 ) of both 1 and 2 further conrmed the congurational assignment.
The molecular formula (C 27 H 27 N 5 O 4 ) of versiquinazoline N (3) was established by the HRESIMS and NMR data, requiring 17 degrees of unsaturation. The 2D NMR data established the basic scaffold possessing two moieties, while a pyrazinoquinazolinedione moiety was identical to that of 1-2. In regard to the imidazoindolone unit, the COSY and HMBC correlations assigned an isoleucine unit to replace alanine of 1 (Fig. 3) . The isoleusine unit in 3 (Fig. 6 ). These ndings resulted in 26S conguration, thus the stereogenic center C-17 was determined as 17R conguration. Additional NOE correlations from H-17 to H 3 -32 and NH-2 (d H 9.74, s) (Fig. 3) carried out the spiro form of ring E, of which H-17 was spatially approximated to NH-2. These assignments led to depict 3R and 14R congurations, which were distinguished to those of 1 and 2. In deed, the experimental ECD spectrum exhibited negative CE (rst Cotton effect) at 237 nm and positive CE at 215 nm (second Cotton effect), reecting counterclockwise twist of the aromatic chromophores (Fig. 7) . Based on the TDDFT-ECD method, 20,21 the ECD spectra of (3R, 14R, 16R, 17R and 26S)-3 and its enantiomer were calculated at the B31YP/6-311++G(2d,2p) level in the gas phase using the B3LYP/6-31G(d) optimized geometries aer conformational searches via the MMFF94S force eld.
Comparison of the experimental ECD with the computed ECD data for the model molecules of 3 and its enantiomer further supported the congurational assignment.
Versiquinazoline O (4) has a molecular formula (C 27 H 29 N 5 O 4 ) with 2 amu more than that of 3 as determined by the HRESIMS data. The 1 H and 13 C NMR data featured a fumiquinazoline-type analogue, 13 closely related to those of 3. ) and H 3 -29 determined the relative conguration in imidazoindolone unit to be the same as that of 3. As the case of 3, the negative CE at 233 nm (rst Cotton effect) and positive CE at 211 nm (second Cotton effect) (Fig. 8 ) reected 14R conguration, while the congurations of the remaining stereogenic centers were assumed to be 3R, 16R, 17R, and 26S referred to the NOE data.
Comparison of the experimental ECD data with those calculated for the model molecules of 4 and its enantiomer (Fig. 7) further conrmed the congurational assignment. In addition, a chemical conversion of 3 by NaBH 4 /MeOH 13 ( Fig. 9 ) produced a derivative, whose NMR data and specic rotation were corresponded to those of 4.
The molecular formula of versiquinazoline P (5) was determined to be C 24 H 19 N 5 O 5 N on the basis of the HMBC and NMR data, containing 18 degrees of unsaturation. The 1D and 2D NMR data established 5 to be a polycyclic alkaloid bearing a 2-quinazolinecarboxamide and an imidazo[1,2-a]indoline units, structurally related to versiquinazoline E. (Fig. 2) . The obvious NOE interaction between H-14 and the aromatic proton H-23 (d H 7.66, d, J ¼ 8.0 Hz) claried aromatic ring E to be oriented in the same face as H-14 (Fig. 3) . The absence of NOE correlation between H-17 (d H 5.55) and H 2 -15 suggested H-17 to be oriented in opposite face toward H 2 -15 group in ring D. Calculation of the 13 C NMR chemical shis of the model molecule with 14S*, 16S*, 17R*-5 by the same method as for 1 resulted in the data virtually identical to the measured 13 C NMR data of 5 (Table 3) with the maximum absolute difference between predicted and observed shis was 3.0 ppm. Comparison of the experimental ECD data with those calculated for the model molecules ( Fig. 10) further determined the absolute congurations to be 14S, 16S, and 17R. The structure of versiquinazoline Q (6) was determined to be a 11-hydroxylated analogue of versiquinazoline K, 13 based on the similar NMR data of both compounds with the exception of a phenol proton (d H 8.79, OH-11) in 6 to replace a methoxy group of the known analogue. The HMBC correlation of OH-11 with C-10 (d C 101.9), C-11, and C-12 (d C 159.4) conrmed the phenol position. The similar specic rotation and ECD data of both 6 and versiquinazoline K (Fig. 11) assigned the absolute conguration of 6 to be the same as the known analogue.
In the biogenetic consideration, anthranilic acid is speculated to be one of the precursors to generate the polycyclic alkaloids 1-5. Intermolecular condensation of anthranilic acid with glycine/alanine and tryptophan through a and b pathways (Scheme 1) yielded pyrazinoquinazolinedione scaffolds. Epoxidation at the indole ring resulted in the epoxy-bearing intermediates, which further incorporated with D-alanine or L-serine to afford imidazoindolone unit. A Mannich reaction is likely occurred to yield compounds 1 and 2 by the formation of an eight-membered ring. Pathway b followed the similar manner as that of pathway a, but the epoxy-bearing intermediate alternatively incorporated with Lisoleusine to derive compound 4. The latter compound via a Mannich reaction to generate an ether bond in 3. Compound 5 was assumed to share the same glyantrypine intermediate as that of 1 and 2 to undergo oxidation, epoxidation, 1-aminocyclopropanecarboxylic acid (ACC) incorporation, hydrolysis, and lactonization. Compound 6 was possible to be generated by the condensation of tryptophan and alanine to form a cyclodipeptide, which followed the dimethylallyl addition under dimethylallyl diphosphate (DMAPP) and ring cyclization. Hydroxylation at C-11 with a subsequent cleavage of the bond between C-11 and N-atom yielded a nine-membered ring with a keto-group at C-11. Further oxidation at nitrogen atom of the indole moiety led to the loss of water to generate an imine, which was attached by N-atom of amide to generate a tetracyclic nucleus. Finally, hydroxylation at nitrogen atom yielded compound 6 (Scheme 2).
Bioassay
All compounds showed weak activity against human lung adenocarcinoma epithelial cell line A549 with IC 50 > 10 mM. Additional examination revealed that compound 5 and 6 exhibited signicantly inhibitory activities against thioredoxin reductase (TrxR) with IC 50 values to be 13.6 AE 0.6 and 12.2 AE 0.7 mM (Table 4) , which are more active than the positive control curcumin (IC 50 ¼ 25 mM). TrxR is a number of the Trx system and is regarded as a new target for anticancer drug development due to its overexpression in many aggressive tumors, while TrxR has been proved to be closely related to the tumor progression and metastasis in vivo.
22,23 the weak cytotoxicity and potent inhibition toward TrxR suggested that compounds 1, 2, 7, and 11 may act as microenvironmental regulation of tumor progression and metastasis. The weak cytotoxicity and potent inhibition toward TrxR suggested that compounds 5 and 6 may act as microenvironmental regulation of tumor progression and metastasis.
Conclusion
In summary, this work reports six new fumiquinazoline-related alkaloids with diverse subtypes, while D-alanine and L-serine incorporated in the fumiquinazoline-based analogues was rarely found in nature. Compound 5 presented as a unusual scaffold which provided an additional subtype of fumiquinazoline alkaloids. The biogenetic relationships of the isolated alkaloids were postulated, whereas the biosynthetic method are required to prove the pathways. Although diverse secondary metabolites from the fungus Aspergillus versicolor have been reported in literature, present work indicated that the same fungal species from different environments provided the natural products with distinct chemical diversity due to each strain activating distinctive biosynthetic pathway. In addition, two compounds exhibited signicantly inhibitory effect against thioredoxin reductases with low cytotoxic activities toward tumor cell lines, suggested that their inhibitory effects toward TrxR may be related to the microenvironmental regulation of tumor progression and metastasis.
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